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FATTONAL AIVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO. 1312

I COMPARLTIVE STUDY OF WEICHTS ASD SIZES OF
FLLI=TLTE EXHAUST-G/S-TO~,IR HE.T
IXCHANGERS WITH AND WITHOUT FINS

Dy Thovrval Tondolend ond
Chrrles P. Steinmotz

SUML/RY

Anclytlecul comprriscna of woights end volumes cxo mndo for
flat~plete koot oxchongors hovine the ecamo cnleulatod thormal
output nnd fricticn proaswce drop for three diffcront £1a configura-
ticnn; nemoiy, (1) no fing, (2) f£ins in both tho nir ~nd tho oxhnust
@18 pascegos, nnd (3) fina in the clr prssnges only. Tost drta from
tvo hont cxchungore, ¢mo of conllgurciicn (1) ond tho cther of
configurntion (2) oo comporod wita tho prodicted woights and
volwaca. Tho thuzmnl output -nd pressure-drop porformenco for
these two exchongers, as evalurted Srom f£light anéd grouni toota,
exrc nlaso progontod.

Hith tho usu ef fire In hotk tho nir end tho crhauct-gns
prosages, reductions in volwaw of the hosoteexchiangri coure of
significsnt magnitude con Lo cbtoinud,., Welght rvdustiona with thie
£1n ~rrengoment dopond upon tho design fin officloney end tho
ti:icinese of tho fluld proscge gps. o largest reductions in woight
wora obinined with tho lowsest dosign Tl officloncice investigntod,
ramoly 70 percont, and in oxchongera whlch bhovo o loarge mumbor of
patoagos with tho somo cize eir ~nd crhcust~gre posscGl @gops.
A2duetions in woight ~nd volwic with ©ins in the alr pacsogos
only cro not 30 larne na occws with tho use of {4ns in both
pracogos,
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INTRODUCTION

The porformonco of suvorzl oxhiruot=gro—to-nir host oxchongoereo
hos boon ovolunted by ground toots mede ot tho Univorsity cf
Celifernia (roforonccs 1 through 4) ond by flight tosts conductod
ot the Jmoo Aoromcuticsl Leboratory (reforences 5 cnd 6). 4As o
recoult of those tosto, the prrcticsbility of various dooigns of hoot
oxchengers os o sourco of hootod air for n thermal ice=provontion
cysten has boon ostoblichod; cleo importont thooroticsl rolation—
shipe for prodisting the porformences cf veriouc types of hoat
oxchongers hoave boon dotorminod. Tho purpose of the curront study
i3 to invootigrte tho posaibility of uducing the ovor=ll sizo and
woight of flat-plate=typo hoct cxchongore by tho cdditiofi of fina to
tho curlaces., Tho flat—pleto-type Loat oxchanger weos sclected for
invoctigntion bocouso it possossod pdventogos, in rolrtion to othor
typoo, in olzo ~nd woight for epceificd voluos of heat-=trcnsfor
rato and procauro &rop.

The Invoctigntion won oondusted in two perts: theoreticzl cond
oxperinentel. Two represontntive hoat oxchongors woro constructod
end teatod to vorifly tlho rosulto of tho omelysic. Both the

thooroticzl ond oxporimentol invcotigations woro cenductod ot
lmes Acoroneuticol Leborntory, Moffott Ficld, Colifornic.

SYMBCLS

Tuo oymibolo usecd throughoud tho roport orc so follows:

croos—occticncl freo=flow rros of heat—oxchongor coro, square
feot

fluld posocge width, foot

gpecific hioot of fluid, Btu per pound, degrco Frhreonholt

/ \
quiv-lent or hrdreulic dicmctor Kh.‘./Lp/ , feet

fluid prosoge gop, feot

fricticn freotor for fluid flow, dinmcnciconleso
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G

wolght rato of fluid flow Por unit cross~soctional aren
(w/2), pounda per hour, cquero foot

curfaco lient~tr-nafor coefficiont, Btu ner hour, squore foot,
do@roo Frhronholt

thormnl cenductivity, Btu por howr, squero foot, dogree
Febrenhodt nor foot

constert or fretor, dimonsienloss

fluld possage lenath, foot

wottod porimctor of fluid passago, feet

no--flow dimenaicon, foot

ribor of prasages for one fluld

atotic prosaunrs, prunde per aquero foot

toted prossurc » Pounds per squore foot

Preooguro differcnos, pounds per aQuexe foot

dymonic precsure or veloeity hocd, Pounds per gquaro foot

rote of hont flow, hont cutput or onthzlpy chongo, Btu per
hour

Roymolds mmbor (DyG/u), dimensionlose
hoztmtrenafor—aurisoo rren, equaro foot

etatic touperaturo, dogroon Falirenhelt

totic tomporature alfr ronco, degrece Fahirenhelt

choolute tonperntwo (% 4+ 460), doarcce Fehromhoit ebsoluto
Vir=1l hort=trangfor coefficicnt bosod upon r urit primery

her t=tyrnsforertae ores, Btu por howr, squaro foot,
derucs Tahienholt
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velocity, foot Por nceond

volumo of hoat—oxch:neor coro, cubdic foot
wolght reto of fluia flow, pounds per rour
wolght ofr hoct—cxch':ngor cure, pounds

wolght of finned curfaces, Pounds

£in length, foot

motal thicknags, foot

fin ..:rlcia.v:c.;, dInongionless

arss donsity, clugs por cuble foot
nheoluts vigesg 1ty, pounds por houe, foot

Ipceific wolght of !:o:.f:-oxchcngar naterisl, pounds por cubic
foot

Subaeripte
" ir side
ny ovorego eonditione
cory
eroca flow
dogo of n2turnl logorithmg
oxpanaicn
curtaco friction
e alde
irlot cendftiong
neon

UL/, gtondepd conditiong
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plete or wrll surfaccs
outlct conditicns
Cimed surlecos

tost conditions

refor to atations of tho hoecteexchangsr inctallation ee
toztod in flight

THECFETICAL INVISTIGATION

In ordor to dote if roductions in tho eizo 2nd woight
of flat~plato—-ty; ) xchangurs by thu sddition cf finc are
possidblo, genoral iona for the performanco of such hoct
xchengors must be developed ond oxprossod in tcrms of the primary
varinstleg, Tt lutions to0 hoeo gonoral oguationa should previde
a sorion of chorts from which tho optimum host-oxchanger dosigns
cen de goloct “or certeln T1x.8 initisl comditiens. By
dcvcloping such Zgn chsrts for ooth £innod 2nd unfinncd heet
xchangors, tho icletive oizo and woight ndvantngos of elthor con
bo determincd for the samo initisl conditiens.

ARALY3IS

The importont f~cter vhich doterminos tho wuight end volumo
" en wnfinnod hort oxchiangor is tho primary hoote—transfor—
weirco erca, Roferring to figure 1, which Ze a skctch of tho
3imploat typo of £l~t~plate heot cxchangor, it cen bo chown that
e wolght and volww of the coro &YW

~

Tabebgip?p

Vo = bebglp

DRI T T My e
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Tho waight of tho °0re as oxprossed by equation (1) 1s that of the
total flat-plato eurface area, with the woight of structural
moabere, flanges, wolding material, etc., neglected,

A comparison of oquations (1) and (2) indicates that the

product babs, vhich is the area of one of ths plates, is cormon

to both oquationa, By oxproseing the honb—tmnsroz\-aurfaco
aroa ag

Sa2 Nubabg
then tho product bobg 1a

bebg = (8/2w)

Substituting tho above veluo of badg, oquations (1) and (2)
bocomn

= (Ng/m) eyyry

Vo = (Sip/2m,) (6)

Fren oquetiens (5) eng (6) 1t 1s apparent that both core weight

2nd volums vary directly with the honb-trana!‘en—sm-raco area.

Thua for the sam, fluia P28ango gapg - of passages, and the
82me plate metal mtarial ang thickneos, both the woight and thy
volume of o flnteplats lmut—.:xchm;;ar cero cnn be decreaeod by
roeducing the priznry ho;b-tmnsfexuaur:‘nco area.

One mothod which Seoms likely to reduco the primary heate
tranefor eurface area ig to utilize finnod eurfacos in both the
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air end the exhaust-gas paesages or in either of ths passegee.

To obtain an indicetion of the precticedility of the use of finned
surfeces t0 reduce the primary heet-transfer-swrfece arse, it

18 naceseery to examine their effects upon the thermal output

of the heat exchanger.

The total heat-trenofer rets between the exhaust gas end eir is

Q = U5 oty 7 (7

whore the ovsr-ell hsat-transfor cosfficient Up is based upon e

unit primary heet-transfer-surfecs arse, and the mean temperature
difforence &ty (from rsference T) is

cx (toin ™ o)~ (iom ~ o)
B TN [ O (R |

In equaticn (8) s the factor K.p 18 uscd to express the variastion

o{ozho mean tempereture difference betwesn croes flow end perallel
flow.

(8)

For (iven deeign conditione of thermal output, eir end
exheust=gas flov rates, end inlet-sir end exheust-gae temperatures,
tho meen tempereture difference in equation (7) is constant. Thua
for the samo thermal output, any increese in Uy, In equation (7,

will result in e proportional dscreese in 5, the primary hest-
tronsfer-suwriece area.

For en wnfinnsd or ell-primary reat-trancfer-swrface=-type

hoat exchan er, the over=all heat-trensfer cocfficient &s noted in
reference 7 and nsglecting tho thermal reaistance of the walls, is

(9

Y (1/h3) . (.uh,)

h = 0.02 (k/Dg) (Re)°**
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Fau~tion (10) 1o cpplicntlo for turbulont flow of grses in round
tubon ond hos boen nrevon setisfectory for turbulont flow through
rect ngulcr chonnols whon nn oquivelont or hydroulic dicmoter 1is
used, With tho nddition of finnod surfaces tc both the air end
tiic cxhoust-gos possogos, tho expression for tho ovor-cll hoat—
tronafor coofficiont bocomes

1

Up = (11)

T T
hg {1 + [(qsx)c/sl}* b, {1 + [(ns, )a/S]}

Tho cffocts upon Up of tho cdditicn of fins to both tho sir ~nd tho
oxhouat—mo pacasngos noy bo 1llustratod by cesuning cpprexinato

valuus for tho vorisbloo in equations (9) 2md (21). For examplo,
asswiing 2 rotis of cffective fin area to primoxy surfrco sreo

oqual to 1 or (1Sx/5) = 1, =nd casuning oquivalont voluos for the
curfnco hont=tronofor coofficicnta in both oquatione, the increcse

in Up 1g 100 porcent. Thua for the scme thormel output, o reduc—
tion of tho prinary hozt=tronsfor—surfoce cron of 50 porcont

i3 possiblo.

The othor f£in nrrongonont conoidorod is tho ~ddition of Zins
to oither tho alr or tha oxhouct~gno posszgos. With fins in the
alr pcsecgos, tho over=rll hont=tronsfor coefficient is

: (12)

+

hg {ha 1+ 1[(')51)1-./5]}

end with fins in tho oxhnuat—gra pooazgos,

1
1

he 11+ (w1}

%

A
By

The increcso in U, with this fin crengenont cen 2150 bo shown

by ~cewning ~oproxioeto veluco for tho voricbles in oquations (9),
(12), ~n2 ?133. Aosuning he ond hg in 21l throo equations oquel
to 20 ~nd somwiing (18¢/S) = 1 in cquetiona (12) =nt (13), tho

.
- -

e,

e

e
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ineronce in Up reculting froem the addition of fins to one sot of
fluid pcosogee 1e 3% percent. Thersforo, it is cpparont that for
tho sune effoctivo f£in crea the lorger decrvasoe in the primery
hont—irenefor—surfnce oo can be obtoined by ueing fins in doth the
cir and the cxhnust=ges passagos. Bocruse tho hoat-transfer
coofficlents, h. eond g, are of approximtely the seme mgnitude
in eun cxheoust-gns-to-cir Lont exchenger, the offoctive f£in crea
should bo mado to ba of the same mugnitude for both tho cir and

tho oxhaust~gns sidos. For any voluo of effoctivo fin area 1Sy,

oquality of the torms h, (1 +  [(nSy)./S]) }

Le {1 + [(qsz),,/.; ] [ v‘ll result in the lorgest roasidblo incroase
‘n ths ov re-rll h:.t-.,mn.-.f..r coefficiont Up.

As moy bo neted froa ogquaticn (3), the total primry hoote
tranefor-purfoco 2ron can be reduced bty decrencing oithor by,
bg, or ig. With tho uso o fins and for equivalent fluid
posengo gups, decrucsing cithor bn, bg, or Rg rosults in en
incrense of tho friction prossico r'.rop of the he~t-cxchanger
core when the fluid flow rntoa are constant. This iacrecse in
friction precawe dron 1o duo to two ccusos; nameliy, (1) increcsing
tho velocity cf tho nir or oxhaust gos in tho hest—oxchanger core
cs a rosult of dn':ro'xain.g tho cross-scctionnl nroan for flow by
dccreasing oither b, or Ny, cnd (2) incrozeing the
wotted suvrfaco por'meter gy ndding finned surfccos and thereby
dacreccing the hydraulic dismetor of tha fluld pasasages. The
friction preesure drop for fluid flow in rectanguler pascages Eoy
bo oxpressed, when ~n ogquivalent or hydraulic diamoter is used,

follows:

AI,F ¢ ;:- Sy V?..v (IGL/DQ) (11‘)

To scrmponsate for ths increase in friction pressuro drop
resulting from the cddition of fins, it 1s nocosszry to incrozsec
thy goa=pnesags gobs, thorcby increcsing the no-flow dimonsion, In, -
As indieatod by cquatien (2), ~an increass in tho no-flow dimencion
Lry 2lgo inersaso the velumw of ths hect—exchanger core, duponding
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upon the mngnitude of tho dacrerso in b, or by or both.
Thorufors, 1t apponrs probable that tharo will cn ortimm gas
pes3n 1 gnp ot which the totzl core volurs will bs a ninirum.

Ths cubsoquent annlysis wns nodo in ordsr to doternine this point
of miniows core woight nnd volwe.

Fanilios of hont oxchangsrs of tho following coafizurations
wors dosigned: (1) wnfinned flat plate, (2) flat plate with fins
in both tho =2ir 2nd ths oxhoust-gns passages (3) flat plote with
fias in the air pasengse only. The weights o~nd voluies of the
finmwd and unfinned units wore then corpnred. The design condi—

ions werc the sams for all three heat—exchanger configurations and
rre listed ns follows:

Side Gog Side

Hont output, Btu/hr 250,000 230,000

Friction pruasuro drcp, 1lb/sq ft 7.5

Flow reto, 1b/hr 3500

Inlet temporature, b 59

Inlot pressures, 1b/sq in. 1h.7

Tho Qosign of the hont oxchangers wns nccomplishod by
oxprossing the relationship for ovor—nll hort-transfor rato
{oquatica (7)) and the rolationchips for friction proseurs
drop for both alr =nd oxhaust sne (oquation (14)) in toams ef
tho fluid-passagr Al:ensions b oand d and tho mwiber cf
pagoages N. Theso rolnticnghips wore then eolvod sinultanoously
for oxprvesions for tho fluid-pnsscgr direneions in terms of the
following veriablaa:

1. DNuzbor of zir and exhaust—gis passngos N., lig

2. Spocific propertlos of the gnsee k,, ks, Hos Mgs Pn, Pg

Weight—flow rates W,, we

Friction prossurv drope (Apg) , (APF)G

Hont output Q

Mion toopornture difforunce Aty
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The {1luiA pegsace dimanaions b, b“, and ds were then
doleruined by useuming the number of eir pesseges Ng und the air
2scipe grp dg. Simplification of the equatiens, which apply with

tie v3c0 of flnnud surfoces, was effected by tho following asswep—
tiona:

1. The reductior in free cross—sectiocnal area for flow
in o pgas rossage wes negligible due to the preaence of the fins,

2. The rutio of flat-nlate or wall surface crec to fin crea
was 0.707.

Tho second assurption recults from erranging the fins in the form
of triunmuler ceorrugations in the gas prssagea, with each side of
o cerrugetion =2t an anglo of 45°2 to the wall swricces.

The walght of the Sinned surfaces in the uir pasanges cnd for
the firs in the exhaust~ges paszages was computed 23 feollows:

Ta by bg ¥x 7x
cos 43°

Wy = (15)

Kg. bn bB Ix "x (1‘)
coas b5°

V=

Tho apecific weight of the “inag 7y uised In equations (15) anmd
(16) wna thot of stoinleas steel,

Tho thic'mesa of the Jina was dctermined from <he design fin
olficleney ord the gno--ncascgo gip. The expression fer fin
eltiztency, na given in referoncs 8, 13

tanh ny
3 ——
vhere

LA ] J?h?k,y.,

As zy be notod Mrom equation (17), the variables in the geometric
dezign ol the Tin. which dstermine their erficiency are the fin
length an¢ thiclmeas, Tho arrengement of the fins in a fluid
passnge osztnblished their length os
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-}
Eah 2 cos 1.55 a8

Thus by means of equatiens (17) and (18) and the design fin
efriclencies, tho thicknees of the fins was computed, In
equ.tien (17) an aver:ge hent—trensfer ceefficient of 20 Btu per
hour, squere foet, OF and the thernel conductivity of stainloee
steel based upon o temperature of 900 F were ceeumod., These
agaurptions were found te be rerresontative of calculated heat—
trensfer coofficisnts and wall temperatures for esveral of the heat
oxchangers designed. The thermal conductivity of stainless steel
obtained from reforence 9 for a temperature of 200° F was 12.2 Btu
por hour, squere foet, °F per foot. The ronge of fin thicknesaes
for the fin efficiencies cnd fluid pessage geps investigated 1s
epacified as followa:

1. For = [in efficiency of 70 percent, the fin thickness was
0.004 inch fer o 0.2-inch gap, and 0.025 inch of = 0.5-inch gap

2. For o fin efficlency of 90 percent, the {in thickness wans
0.013 inch fcr ~ 0,2-inch gap, and 0,10 inch {er a 0,5-inch
e=p.

The weight of the flat-plate surfece orec was determined by
mecns of equation (1). The plate mrtericl was assumed to be
0.032-tnch—-thick etcinless steol. This metcl thickness was cheaen
&35 epproximately the minimum required for sctisfactery service 1life
ond wus bnsed on past experience in {lat-plete heat-~oxchonger
ronstyuction (reference 5). The velumes of the hent—exchanzer

ores were determined by means of equotion (2).

RESULTS OF ANALYSIS

Dozign charts which show the dimensions of the fluld pcsscges
for the finned and unfinned heat exchangers oarc ehown in figure 2.
The dimensions of the fluid pcssagss were dotormined by moans of
equetiona (7) and (k). In theee chorta the prssage dimensiens
by, bg, cnd dg aro plotted ze & function of ths air—passage
ep 4, with the mmber of alr passages as o parcmeter. These

charta were us¢d teo calculate the woights and volumes of the heat-
exchangor cores. I% is cpparent from figure 2 that, for a given

air gap and nurter cf pasacges, a large reduction in b, and o

smcll increase in by rosult from the nddition of {innkd surfeces,
thus indicating o considerable reduction in the nrimcry hezt~trensfere
surface croa, Howsver, an increase of the no-{low dimensien for
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the finned heat oxchangers 1s indicated by the lerger gapa of the
oxhcust-grs pasacges.

Tigure 3 shows o comparison of volumea bstweon the heat
exchongars without fins and with fins in both the cir and the
oxlicust—ies peascges. In this figure tho volumes of the hoat—
exchiangsr cores have been plottsd as e function of the air—
pascagn pun. To indicote possible trends, comparisons were mads
for fomillos of heat sxchongsra with 10, 15, 20, and 30 air
passases and for hent oxchangers with fin officiencies of 70, 80, aml
90 percent. Inapection of the curves indicates that, for both the
finned and the unfinnod heat exchnngnrs, increcsing tho number of
eir pnsanges N, groctly dscresses tho core volume; also for a
given rumber of passngss, o considerable saving in the ovor-all
8ize or volime 1s posasiblo by the use of fins. A3 would be expected
the smellest hoat exchongers cre those with ths most efficient fins,
It 13 nlso noticesble thet the zddition of fins increnses the
optimm alregzp thicimoss and thet cs tho numbor of paasages
incrensos tho optimum aix-gop thickness decreases for both the
finned and the unfinned heat exchungora. From figures 2 and 3 1t
my be seen that the winirum volume of the finnod and unfinned
hect exchangers occurs when the air ond exhcust-gea passago gaps
for onch type of exchanger are the stme,

Figure b shows carprrisons between the wolghts of the heat
exchangs»s without £ins and with fins in both the cir and the exhaust-
gcs poasages, It 1s cpparont f'rom this figure thnt, with 2 excll
numbor of fluld pussages ond with GO-percsnt sfficient fins,
incronses in the woight of the core results with tho use of fins.
Vith & amnll number of fluid passnges, cs indicated in figurs 2, the
exhrust-gns passage gops aro large ns compured to the exhaust-gas
pessage gaps vhen there nro o largo mumbor of pascnges. Thorefore,
for high fin efficlenclos, thicker fins must be uned in tho sxhaust-
cas paasages, thereby increnaing *he weight of the core. With loss
effinient £ins nnd particulerly with o large number of pocassages, tho
use of £ins results in o reduction in weight, with the moximum
roduction in weight occurring when the asr cnd the oxhuaust-gas
paspages cro of the samo thicknoss,

It 18 of $ntcrest to noto that for ths firnod heet exchangers
the minimum weight and volume occura for the same alr-passcge gap
for ¢ given rumder of pasacgea. Howover, for o ‘hermal ice
rrevention syatem, tho heat exchanger is uswally solected with
dimcralons which will meet the epace rsquirements. Thess
dimeniiona moy not correspond to those of minimum weight ond volume.

Bl 408 pdles b dis s i on Tl . S i
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For all practiccl purposes, the weights of the unfinned
hect oxchengere ure osaentially constant as the cir-pacsage gop
i1s veried. ERoeductions in weight ore achieved for the unfinned
hect exchongore by incroansing tho pumbor of paesagos., However,
with =n increase in the nuber of passagee the welght reduction
13 not os ltrge 23 comparod with the finned units,

Figures 5 =nd & cre comparisons of volume and weight,
respectivoly, botwoen fomilies of unfinnod exchrngors und exchangore
with fins in the cir pnssages only., Theeo figures indicate rcductions
in the volume cre posaible by ueing fins in the ~ir passogea only, but
the mognitude of the reductions ia not £3 largo cs with fine in botk
tho cir and the oxhouet-gas-pasangee. Weight reductione cre obtainable
wvith small cir-pansage gops whore desisn fin efficiencies can bo
obtzined by usins short thin £ins -which are light, For low Iin
officioncies ond with 2 lorge nmumber of gos pusanges, tho reduction
ir. weight when using £ins in the air pusecgos only is not as large
a3 with tho cddition of fins to beth tho alr cnd the oxhcust-gas
PrESLEes.

EXPERDTNTAL INVESTIGATION

To check the demign procedure used in the crnalysis and %o
obtain comnnrigona with the predicteé weights and volumee, o
firned rrd unfinnod hoat exchanger wero bullt and teosted. A
degeription of thoge two hect exchungoers and the experimental
technique used to evalusto tholr perforrances ore prescnted heroin.

DESCRIPTION OF EQUIPMENT AND INSTRU-ENTATION

The demeign Tecturnsa of the finned cnd unrinned hent exchonpers
wvore similar, Dotcsile of the two heat—exchenger cores cro shown
in figures 7 throngh 10, Previous cxperiernce with flat-plato hont—
exchenger conatruction haa irdioated that tho plate materisl should
be eilthrr ntabilizod stoinless etoel or Inconel, TFor the plain
plate hent exchonger, the platos were foramed from 0,032-inch-thick
Inconel, Specers wore placed in both the rir cnd tho cxhauet-gns
proscges of this vrnit to prevent the plntes from warping cnd buckling
due to the hish texperrturcs encounterecd.
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For tho finned hont oxchrnger, the £ins were shaped in ths
forn of corrgntions or equnlly spaced ridgos. The fin material
w23 0.015- cnd 0.032-inch—thick stainless ateel for the zir ond the
cxhavstegas 7ins, respectively. Tho plates wore formed from 0,032-
inch-thick steinless steol. The fins or corrugated sheots were
ploced within the gns reascgos ond cticched to tho. plates at the
tops ond bottoms of the corrugetions. With this crrangement ench
side o" o singls corrugntion formed two fins; also ths fins ncted
.8 spucors a2nd stiffensrs, thus preventing the plotes from warping.
Defore aganmbling the core of tho heat exchanger, the plates ond
ina wero thoroughly clenned and then coated with z thin layer of
copper ty ¢ apraying process. VWhon nagembled the core wns Jjigged
tnd brrzed in o controlled-ntmosphere furnace., During tho furnace—
bruzing process como warpege of tho platoe in the outside air ond
the oxhinustegns praasngos occurred,. rosulting ir poor bonds botwssn
the fin3 end plates in theso passnges. Retouching of some of tho
plate Jjoints was done by flzmo bdrasing,

The hent sxchongers were flight—tested on o throe—pleco
observition—typs nirnlono powerod by o radial ongine rated at
835 horaopower =t 3900 fost nltitudo. A more complste description
of the 2irplzne i3 glver in referenco €, The unfinned hoat
sxchanger vhen insttlled for flight tests 13 shown in figure 11,

Trs shreuding or hendors employoed in the flight tessts
consistod o traonsitions botween the round oxhzust stock and
ducting, znd the roctungular contours of the heat exchangera. The
henders usod in the deoterminction of core pressurc drop in ground
tests consisted of strnight roctangulor ducting, free from any
pregsure losses cother thop that due to skin friction.

The instrumentation ussd in Clight-tosting ths unfinned hect
exchanger ond tho location of the inatrumentction in tho tost
installntion rxro shown in figure 12. For tho flight tests of tho
finred hont exchonger, the instrumentztion diflercd from that
shown {n figure 12 in that the prossurc-survey r—kes cnd tho stotic
wnll orifices in the exhouat stuck were not uaed., In theso tests the
nonisothermnl oressure drop of ths heat exchhnger vas not measured,
For the tests ol both heat exchungers, air =nd exhcuste-gua flow
rotog wero meosured with venturl meters locoted downstrecn from the
heot exchanger. Afr temper:tures were mecsurod with two bare iron—
conatantun thermocouples upstiream {rom the heat exchunger und six
downstream, n1ll equilly spaced across tho ducting dismeter,
Exhusi—gus temper:tures were measured with gucdruple-shielded
thormocouples, ono located upatreanm nnd ons downstrean from the
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licat oxchangur., Tuo shioléded thermocsuplos were located et the
cenicr of tho oxhawct ctack.

For tho flight touts of tho unfinped hoet coxchanger, tho
totel-progsure drop corcas tho heat exchengor on tho zir sido was
roesutod with two pressuro survey rakes. (Sco £iz. 13.) On the

xhuvet-ges 3ldo, tho static-prossuro drosp was mensurod by wmosns
of throc statlc=sall orificos upstream end four statlc tubes down—
niream Irom thoe hoat exchangor. The four ststic tubes woro a part
of » prossurc-eurvey roko (fig. 13) used to chock the exhaust—gcas—
flov rates e3 determined from the venturi motor.

TEST IROCELUFE

Flicht tostinz of tho host ozchongers wns conducted to
ovelunte tholr thosmal porformances and to doteimine tho
nenisothermal preasure drop of tho unfinnod hont-oxcheongor corv.
Ground tosta wor> mcdo to determine Wie isothoimnl core pvrossuro
drove ~"nd ecloo o Isothormel. preossuro drop of tho heedors used In
Flipht=tostiing tho wnfinnud oxchenger.

light Testa

Flight testing of the hont cxchangers wns cenductod in level
flisht st »,000 end 15,000 fact pressurc cltftudoe. The oxhaust—
gas flov ratoe wero ropgulated by 2djusting tho menifold pressure
ind engine spood to obtnin dssired welght flow ratcod cf rpproxi-—
metely 2200, 4200, ond 5200 pounds por hour. Howovor, duo to tho
1imitod coprcity of tho engino st 15,000 foot pressurw altivudo,
only tho lowast flow rato of 2200 pounds por hour could be obtainod.
’n inlot oxhaust~gas temporaturc o7 approximetaly 1600° F wns
obtainod by adjusting tho fucl-elr 1atis. The cir-flow rotc was
rogulated Uy reang of ¢ velvo In tho sutlet=alr duct. For oach
oxhnuat~gae flov rato, mocsurcnmonte were teken et tho maximwe aly—
flow rate cbtaincble end at acvorel roduccd aiin=flow rates.

Ground Teote

Ground toste of tho unfinnad hoat cxchongor wore medo to
doteraino the components of tho fsoathermal pieosswurw drop ccross the
hoat-cxchongor Ingtelletisn 25 toated in flight. (hia wan accom—
plislicd by tosting the heateoxchenger coro, both a2l end cxhoust—~
g3 sidos, whcr oquipnod with the following comdinnuions of heedors:
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1. Inlet anéd outlst atraight hoadera
2, Inlot straight hoador and outlet flight honder
2, Inlet fligat hoador nnd outlet etraight hocdor

During onch tost, air nt regn tempercturs wae drnwn through tho
hoat cxchnngor et flow rates varying froi 1000 to 6000 poundc por
hour, Static preccuree upstroan end downctrean froa the hect
exchangor core wores mwarured with etatic tubes, ant air flow rates
wara iwacured vith a venturd rmetor. All mwaecurcd static-praeceure
drcpa wars correctad for area differences in thoce tests in which
the ressurerents were tsmdo in ducting of unaqual creea—scctional
erur, The prossure drop ef the heat-exchanger core was obtained
vhen tho hect oxchonger was teetod with dboth straight headere,
pirce the component of prossure drop contributed by the streight
hoelers was calculated ~nd found to be neglizible. The prossure
drop cf & flight herdor wne deternmined by subtracting the prossure
drop of tho core from tho 1dacursd proscure drep of the heat
exchonger whon equipped with o single flight header. As e check
of the wxa of thn cumpenent pressure drcpe, the ho~t exchonger was
toctod vhon equipped with both flight hozders. Oround tocts eof the
finned heat exchinger coneleted cf rwaguring the precsurs drop of
the coare whon squippod with strmight inlot and outlet hoadere on
tho nir cnd ths exhoust-gns eidoe.

FRECISION OF MEASUREMENTS

The venturl meters used to recsure the exhaust-gos and the cir
flow rates worv calidbroted ageinst & sherp-odgoed orifice. A
cuperison of flow rotee as oasured by the venturi metors and
prossure—survey rekus indicated egrecnent within #6 and 5 nercent
for th: exhoust-gns cnd air flow ratec, respectively.

Tho Irlot-nir tempercture waa mecsured by nezne of two dare
iron=coratonton thormocouples which Indicrtod tewporatures within
29 P end 39 F of the ctandard froo—nir torgporaturs installetion.

The outlot—nir tomporcture was taken ce the aritlroticol average
of the terperv.tures s inlicotod by the aix bare iron-constanton
thorniccouplse. Redintion errora in the therrocouplo readinge wore
roduced by logaing tho ducting with 1/l-inch asbeatos. It is estimated
tho maxi=m orror in detormining the avercge outlet—air terpercture
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wng #10° F.  The oxhaust-gns tomporstures woro rezsured at the
cunter of tho oxhcust stacks, Rediation orrors werv minimizod dby
using qurdriple—shiolded thorrmocouplos and by legging thu exhaust
stack with 1fU-inch cobegtos. It 1o estimated the maximum orror in
detorsidniang the cvercge oxhaust—gas touporzturs wae +40°F. Tho
oagivd alr and cxhrust-gie tomperatures worc not correctod for
~Cistntic tenpercture 1rieos, sinco tho velocitios ot tho pointo of
runsurozent woro not largo. i

For tho flicht tosts, tho cvorege totcl prussure at a station
on ths eir eldo was tho arithmeticnl moan of the total-pressure
moasurerents. Sinco tho multicull manomotors used to record
roceuro masuronents wers cnlibrated, the orror in the uso cf tho
instrumonts waz principrlly that of rucdirg the £ilm records. It
in sotimntod that the maxiram orror in the nonisotherrml preossuro—
drop monsureients wns #1.5 pounds rer square fout. For the grouand
tostn, ricronenonetors wers used in thoe pressure rwesuroments. It
it belioved tho crror in the isothurmal pressure-drop mensuremonts
wog saell.

Baged upgn ccanideration of the accuracy of moasurements, it
i ostirmted tho xiizun error in dvtormining the thormal outputs
of the hsat oxchongors wns i3 porcunt.

EXPERIMENTAL RESULTS

Tho vcluwws and woights of the finnod nnd tho unfinned hoat
exchengers, which wero bullt and testud, arc chown in figures 3(o)
rrd 4(c), rcepectivcly. Tho thormul perforioncus cf the two
oxchangors as ovoaluct.d froa the zir-sidue onthalpy chingo togother
with tho prodicted thurm:l output of tho unfinncd hent exchangor are
ghowr in figurc 14, Tho thormnl outputa of tho two huat oxchrngors
ae ovniunted freos tost data were corruvcted to cquivelent initinl
tonpurture cenditions by the nothod given in tho ~ppondix.
lonipothorzel prossurs-érop dnte for ths unfimed hont eXchongor
.9 2oazurcd in flight 2nd vhon roduced to NACA standard conditions

f tomporature nnd pressurs nrs chown in fisures 15 ~nd 16.
Prodictod iscthormnl proasurs drope and test dotn for both hent
oxchengars aroe ¢amparad 2t stondard conditions in figurs 17. The
rethod ef roducing thy proasure—drop dota to sgtondard conditions is
given in tho cppendiz.
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DISCUSSION

Tho volurws of tho finnod and tho unfinned heat-oxchanger cores
23 ncted In figure 3(e) wore enlculated as tho product of by, bg,
end 1 . Thoné volwwe wore ueed in prefereonco to thoso dotornminod
froz the rwrsured over-nll dirensione dus to tho offects of conatruce
ticn fonturos upon the over-all dlaonsicne. Thoso featurco, namicly,
the protrusione of the flanges from the plates, are charactoristic
of thio hoat-oxchong:r doslgn ond have no particular offect upon
tho hoat~trensfer or prossuro-—drop performinnccs.

Fron inspoction of figure 3(c) it tny bo notod that tho volww
of tho hoat exchonger with finned surfacos is higher than tho
prelictod vrluc. 1n f2bricnting the fins, nllownncos for radil
to bend tho fing in tho form of corrugations wore necoceary and,
ag & reault, tho ratio of fin aree to primnry hoct—transfor—
swfaco arun weg leas then the deeign retlo of 1/0.707. To
cazponacto for this reduction in £in crea, the prinmary hoat-transfor
arca wno incronsod by increcsing the dimensions b =znd bg. This
increcse in by eond by aleo compensatod for tho reduction in
freo croca-soctionel rcron of the gas passages dus to tho prosenco
of the fins., Thue, with an incrense of two of tho dimenalons of
the hett exchanger, the resulting volumw wos larger thon predicted.

Tho woights of tho cores cf tho finned and unfinnod heat
oxchmngers, =8 nctod in figure h(c), wore bi=1/2 pounds and ho-1/2
pounds, roapectively. The nagnitude of the reduction in weight with
tho uso of fins comparve favorably with tho predicted values of
26 ond 30—1/2 pourds. Howevor, this agrooment mny e fortultous
since the prodictione are basod only on tho woight of the flat-
ploto=surfoco srvcs plus the weight of tho fins for the finned unit.
The- wolghts of the comploted cores included the additional weight
of flanges, spocers, braging uctorisl, etc.

To. coaparo the thorral outpute ot cquivalent tost conditiens,
ell data wore corruectad to an initial =ir to exhaust—gas tempera—
ture differvnco of 1500° F.  Thie tomporeturc difforence was chosen
sinco 1t approxirzctos tho test conditions of thic invostigotion ond
thosu onccuntored by o hoat oxchangsr in a thermnl ico-provention
systous Inapection of figure 1b shows good ngrocment totweon the
thermnl perfortvinccs of tho two hoat exchangors. The thermal output
cf epproxtivtely 245,000 Btu per houx =2t air apd exhcust-ges flow
ratee cf 3500 =nd 3250 pounds por hour, roespectively, coaparcs
favorobly with the doelgn output of 250,000 Btu per hour. Tho
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docipn ocutput was basod upon en =ir and exhrust-gas flow rate of
3500 pounds per hour and an initial cir-exhaust-gas-tonporaturs
difforence of 1541° F.

Tho prossurv-drop porforrances of tho two heat oxchangsrs
wors comperod on the baels of the static-proceure érop acrose ths
hoat—cxchangor cores nt torporature and prossure conditions which
corrospond to RACA standard goa-level atmosphere. In isothermal
flow, stotlc=pressurs drop is appraximately oquivrlent to total-
preccvre Arcp when reacured et stations of oqual aren, if the
volocity dirctribution ncroze the two stations 1o pootulated to be
the one Tho nothod of reducing tho neasurcd isothsrmal end
nonioothermnl prossuro—drop data to standerd conditions, ca shown
in tho eppenlix, is substantiantod by the data presented in figures
15 and 16.

The predicted ilcotherml pressure drops for both heat sxchongers
no chown in figure 17 include tho friction preosurv dropo and the
expansion pressure drops nat the outlets of ths cores. Tho ontrance
logees wore assued nogligible, since the entry into the individual
paszages wns nnooth rnd well rounded. Inspecticn of figure 17
indicates that the prodicted sné exporimental prescure drop for
the fimned heat oxchanger cre slightly lower then the corresponding
prossure dropo for tho unfinned unit. This is dus to the lower
oxpanoion precsurce losses at the outlot of the fluid paoscges for
tha firned unit.

CCHCLUSIONS

3Bnpod urvon tho comparativo woights cnd voluws of fanilics
of finned nnd unfinnod fluot=plate—typo hozt exchangore, dssignod
for oquivalont hoot—transfor and friction-preosure drep porforie
encoe, it 18 concluded:

l. A conoeidoreble rcduction in over—nll oizo or volun
regulte with the uco of fina ir boih the air and the exhnuct—gas
prooagoc. Tho largeat rocducticne ir velwm» occur with the use of
fins with high officioncice. Fur thy two hoat cxchangers built, the
volwro of the finn.d unit was approxinrtsly 18 porcent loez than the
urfinncd unit. o

2. The rovduction in weight with the uaoc of fins in dboth tho
alr end tho .xhoust-goo pzsangss dspenda upon tho design efficlency
cf tho finus und the dircneions of the fluid poseage gzpe. The
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lorgost reductions in woight werc obtained with the lowest dosign
fin officioncies inveatigatcd, narmcly TO percont, and in exchangors
vwhich have a l=arge nurber of passagec with the sormo size cir and
exhinust-gns paseage gaps. For a hoat exchanger conctructod with
fina cf T0=porcent dosign efficioncy, the reduction in woight
ccupared to en unfinnod unit was epproxinately 10 percent.

3. With fins in the air possages only, the roduction in volure
i not as large ne comprrod to units with fins in both tho air and
the oxhauet—gas passogos. Woight roductions with this fin arrange—
rant are obtainable in units with snnll air-passage g2ps.

Anes Aeronautical Laboratoary,
Nationrl Advisory Cormittes for Acronnutics,
Moffott Fiold, Calif., April 21, 1947,
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APPEIDIX

REDUCTION OF DATA TC PQUIVALENT CONDITIONS OF TEMPERATURES AID FRESSURE

Roduction of Thormol Data

The correction eppliod to tho thormel outputa of the hest
cxehengers was dotormined from tho over—ell hoat=trensfor roto
which, .oxpreased in tho notation used in this roport, is

Q = UpS Oty

t, t-; e ¢, = T'ﬁ
= UpS Ko 20
@ = Of Kor 1080[i‘ein-tain)%"-sout‘teo‘xt)] (e}

Dotermining ooy tnd tpoyug from onthalpy chengoe on tho eir
end exhnuat-gne sidos

toout = (QfMzepa) + totn

teout = tein - (@Mgopg)

With theso valuos of tegyy 2@ tgoye, oquation (20), whon
roducod, then dbecomos

/ W, {nCpa \ {l _ 1
MaCpa#¥gcpg / UpS Kerl(1/Wgep ) +(1Macp, )} }
21)

Q = (tgyn~teyp)

(
It moy bo notod from thio oxpreasion that tho thormal output at
constant nir ond cxhaust-gas flow rmtes 43 2 function of
tgin=-tcin» Cpgr Cpa» =nd Up. Boccuse epy, Cpa, tnd Up vary
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only slightly with tempercturc, the thormgl output verios linoarly
with tgsn=toyn. Honco, the correction to reduce tho thormel

output to standard inlot-tompereture conditions is

tein t"“m
¢ G n " Senla ]
° *1.Cetn - te1n) gost

Roduction of Isothormal Pressure-Drop Duta

Tho isothormel pressuro drop of tho host-exchangor core ot
standerd W.CA conditiona of termporaturs end prescure may bo
oxpreagsed os

(apc), = (), + (4pm), (23)
L

In oquaticn (22) the hert—exchanger corc—ontranco loss wus ucaumod
negligiblo aince the entry into tho individual air cnd exhouct=gns
pessegos Wwas amooth end well roundod, Corrolating (Apy) ond

(opy)  wiih tho corresponding pressure drops ot toat conditione
Lo

(2%)

r {f ac (41/Dp) ]
(cop), = (& "F'}'.ost'l[f ac (hhllﬂ]uzst }

[
T . . n&% } )

wrero K 4n ogquation (°85) 1a tho rctio of tho crgge-socticnal froo
ercr of tho core to tho o of the outlot hoedor, With those
valuos of (ApF)o and (t-pz)o oquation (23), when roducod, thon

boconcs

\ 013
(o), = o) (23688 (F Y o (opp) (21288 ) (26)
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The tempernture correction (To/Ttost)®°® which applios to the
friction prassure drop, corrects for changee in friction factor

with Reynolds numbor. Noglocting this correction results in only o
amoll error, sinco the isothormnl teste wore run at room tomporzture,
ond simplifios tho reduction of isothermel pressuro-drop data to
morely ¢ denelty correction, or

(0c)y = (89¢) oyt (91%21> (27)

Reduction cf Nonisothormal Pressuro-Drop Dete

Roferring to the stations shown in figwre 12, tho nir-side
nonisothormel totel preasuro drop of the hoat-exchanger coro was
dotormined from tho mensured totel-pressure drop of the hosct~
oxchangor installetion ce follows:

(APC)T - (AP)1-5 = Kin('!a) 2 xout(qs) = (Apf)s_g (28)

Tho inlct flight=hosdor pressure drop Kin(gqs) ond the outlot
flight~hocder presoure drop Ky,t(as) wore cveluated by menns of
ground tosts. Tho coefficionts Kin mnd Koyt ocreo tho ratio of
tho flight-toador prosourc drop to tho volocity hond =t the inlot
end outlot cf thoe heat~exchanger core, respoctively. Tho friction
prossure drop (&pp),., 1n tho ducting downstroam from tho host
cxchnnger wos calculotoed.

From the nonisothormal totsl-pressuro drop of tho hoate
oxchangor coro,

&pp + opg = (apc)y = (ag=a2) (29)

whore q,=Qp 1s tho momentum prossuro drop. In ordor %0 opply
tho propor correcticnp the mognitudes of Opp and Opp muat bo

Imewn. Tho propertional dletribution of the sum Opp + Opp
into its compononte wns dotorminod fram tho analyticel prodictions
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of tho nonigsothormal pressure drop of the core. The totel pressure
drop of tho core at NaCA stondard conditions of toemperature end
promcurc is thon

(ene), = Ceop) (%82) () % tomp (28 (30)

The mothod of cvnluating and reducing the static—pressuro drop
of the hoat—exchengor core on tho cxhoust=gos side was similar to
that used on tho air sido. Tho difforcncce in tho two mothods wero
(1) in dotormining tho stotic—prossuro drop <f the core, corrections
wore necoseary to edjuast for aros difforoncos botweon the hoat—
oxchengor core nnd tho stctions at which tho moosurements woro talon;
(2) tho chengo in pressuro due to @ chenge in momontum on tho

oxheust—gro sido wvas 2(qgq,) o8 compered to 94 4, on the oir
sldo.

In figuros 15 rnd 16 aro prosontod tho nomisothormai prossuro—
drop data for the unfinned hont ex-hanger es monsured in flight and
whon reduscd to standard cenditions of tumporaturo end prossuxv.

A comparison also 1s mcdo in figmro 16 botwoon thuse date. at
atandard conditions ecnd tho mcsourvd icothormnd ypressure drop. The
agrocmont hotweon theoe two octs of data ig falr with omme scattor
on tho ~ir side at tho lewer cir flow retos. However, the sgree=—
ment dove indiento tho mothod of roducing tho nenlocthormcl prossuro—
arep data is setisfactory. By climinating the cffocts of tomporo-—
turv and prossuwreo with veriouc tost conditions, this comparison
illuetratos thet the basic prossure-drop mousuremont, to ecstablish
tho pressure drop porformance, 1e tho 1sothormal totzl pressuro drop
acrogs tho hoet=uxchionger core. This conclusion lo furthor
substontiated cftor oxomining tho compononts of thoe nonisothermcl
prosaure drop, whic‘n, on the eir sido, mey bo cxprossvd oa

(80c) oqy, = (B02), p,‘v/\ ) + (opp) (%)\‘ {as=a2) (31)

Thee chango in prossure Qa=~qp; duc to en incroasc in momontum cf

the fluid is not nocosasrily e totally irvocovornblo preacuro loss.
This pressuro drop mey Yo partially recovered, deponiing upon the
drop in tomporuture of the fluid in the systom =ftor tho heat
oxchenger. Cn the oxhoustegie aldo, the chenge in prebsuro due to

a docrease in nomontum of tho fluld rosults in a docreaso in prossuro
drop. Tho onaity correcticns which epply to (Zpp)  end (apy),

'-4»;, + ‘w-&-u*s e

a
&

i T

Lla aluidia




26 NACA TN No. 1312

are thoce due to variations in tomperature of the fluid through the
core and changes in pressuro with saltitude. Isothermal total-
prassure drop at standard conditions represents skin friction,
expansion, contraction, or turning logses at a standard temperature
and prossure, and are irrecovsrable losses.
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(b) Three-quarter side view,

Figure 8,- Unfinned heat-exchanger core.
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(b) Three-quarter rear view.

Figure 11.- Heat-exchanger installation for flight tests,
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